Members of the genus Campylobacter are the major cause of bacterial gastroenteritis in the developed world, and in many countries the incidence of infection continues to increase (1) . In the United Kingdom, for example, cases of Campylobacter infection have been increasing annually for the last 10 years and the number of cases of gastroenteritis attributed to Campylobacter is now more than triple that associated with Salmonella (http://www.phls.co.uk). In the United States it is estimated that Campylobacter strains cause more than two million cases of diarrhea annually (43) . Although the symptoms can be severe, the illness is generally self-limiting and uncomplicated. However, serious sequelae, including acute neuromuscular paralysis due to Guillain-Barré syndrome and MillerFisher syndrome, can affect one in a thousand patients (29) .
Campylobacter jejuni and Campylobacter coli are commensals of many domesticated animals and birds. Consequently, food, especially poultry, is considered to be the main vehicle of transmission. Although the ability of campylobacters to survive in food and in the environment is cardinal to their infective and contamination cycles, we know little of the mechanisms which influence the persistence of these pathogens outside the host. Campylobacter survival is, however, influenced by two important factors. First, the organisms are thermophilic and have a minimum growth temperature of 30°C (42) . Consequently, when cells of the organism are excreted into the environment or introduced into food, they are unable to grow. Second, although there have been some reports which have demonstrated the aerobic growth of certain strains of C. jejuni and C. coli (18) , they are generally considered to be microaerophilic; that is, they are unable to grow in, or tolerate, the normal atmospheric concentration of oxygen, and they grow best in atmospheres containing around 5% oxygen (24) .
As Campylobacter cultures age or are exposed to stress conditions, morphological changes occur within cells. During exponential growth, vibrioid or bacillary forms predominate, whereas coccoid cells are formed as the culture ages or is exposed to stress (30, 37) . A similar reduction in cell size also occurs in organisms such as Vibrio vulnificus and Helicobacter pylori and has been associated with transformation to the viable but nonculturable state (34) . Other evidence suggests that coccoid cells are not formed by an active differentiation process but represent a degenerate form of cell which may still retain metabolic activity for a period prior to death (3, 13, 26) .
When pure cultures of many bacterial species are grown in standard laboratory media, the organisms grow exponentially until conditions no longer support rapid growth, and the cells then enter stationary phase. In the majority of bacterial species characterized to date, entry into the stationary phase, or starvation, is accompanied by profound structural and physiological changes that result in increased resistance to heat shock, oxidative, osmotic, and acid stresses (19, 21, 33, 46) . In Escherichia coli, for example, the expression of 30 or more genes is induced in response to entry into stationary phase or starvation, a process that is regulated by the stationary-phase sigma factor RpoS (23) .
The aim of this study was to evaluate the responses of C. jejuni and C. coli to stationary phase in order to determine whether or not mechanisms for stationary-phase adaptation existed. In addition, since coccoid cells are formed during prolonged exposure to stationary phase, we also sought to elucidate the role that this cell type played within the population. In this context, two variants of C. coli UA585 which had reduced rates of coccoid cell production were also studied.
MATERIALS AND METHODS
Bacterial strains. C. jejuni NCTC 11351 (type strain) was obtained from the National Collection of Type Cultures (Colindale, United Kingdom). C. coli UA585, originally isolated from a diarrheic pig, was a generous gift from D. E. Taylor (University of Alberta, Edmonton, Canada). All strains were stored at Ϫ70°C in Microbank vials (Pro-Lab Diagnostics, Neston, Cheshire, United Kingdom).
Growth of organisms. Campylobacters were grown in BBFBP, consisting of brucella broth (Difco, East Moseley, United Kingdom) containing one vial of FBP campylobacter growth supplement (Oxoid, Basingstoke, United Kingdom) per 500 ml. Cultures were prepared as follows. A frozen bead was inoculated into 50 ml of fresh BBFBP contained in a 100-ml flask. This was then incubated at 39°C on a shaking platform at 150 rpm for 24 h under microaerobic conditions (5% [vol/vol] oxygen, 10% [vol/vol] carbon dioxide, and 85% [vol/vol] nitrogen) maintained using a variable-atmosphere incubator (VAIN) (Don Whitely, Otley, United Kingdom). The cells were then diluted 1:100 into 50 ml of fresh BBFBP and grown for 24 h to stationary phase before being used as an inoculum for batch culture studies. Experimental cultures were produced by inoculating 100 ml of fresh BBFBP with 200 l of 24-h stationary-phase culture (see above) and incubating at 39°C with shaking in the VAIN cabinet. Cultures were incubated for 6 or 24 h to produce exponential-or stationary-phase cells, respectively.
Viable counts. Serial 10-fold dilutions were prepared in maximum-recovery diluent (Oxoid), and 20-l volumes were spread onto fresh BMHA plates, comprising Mueller-Hinton agar (MHA) (Oxoid) containing 5% defibrinated sheep's blood (TCS, Basingstoke, United Kingdom) and one vial of FBP campylobacter supplement per 500 ml. The number of CFU was assessed after plates had been incubated at 39°C in the VAIN for a minimum of 48 h.
Measurement of sublethal injury. Sublethally injured cells were defined as those unable to tolerate 0.1% sodium deoxycholate (DOC) or 1% sodium chloride in the growth medium (15) . The proportion of sublethally injured cells in the population was thus estimated by comparing plate counts on BMHA and MHA containing 0.1% (wt/vol) DOC (MHAD) or 1% (wt/vol) sodium chloride (MHAN). Sensitivity to bile salts and sodium chloride in gram-negative bacteria is generally attributed to disturbance of membrane structure and/or function (16, 25, 31) . Preliminary experiments established that recovery on the restrictive media was 100% for uninjured cells.
Heat resistance. C. jejuni 11351 cultures were grown to the desired growth phase in BBFBP at 39°C in the VAIN. Samples (1 ml) were aseptically transferred to sterile glass freeze-drying vials (Fisher, Loughborough, United Kingdom), sealed immediately in a flame, and immersed in a water bath set at 50°C. The temperature was monitored using a mercury-in-glass thermometer calibrated to British Standard BS1704. At intervals a vial was removed, cooled on ice, and then broken, and viable counts were determined on BMHA.
Resistance to aeration. Cultures at the required growth phase were diluted 1:20 in 100 ml of prewarmed phosphate-buffered saline (PBS) (Oxoid) in a 250-ml flask to give cell concentrations of approximately 10 6 CFU ml Ϫ1 for exponential-phase cells and 10 7 CFU ml Ϫ1 for stationary-phase cultures. The flasks were incubated in air at 37°C in a shaking water bath set at 90 rpm. Samples were removed at intervals for the determination of viable counts by plating onto BMHA.
Estimation of coccoid cell numbers by microscopy. Samples (2 ml) collected from cultures or cell suspensions were fixed by the addition of formaldehyde to a final concentration of 3.7% (vol/vol). The proportions of vibrioid and coccoid cells were estimated by microscopy of cells immobilized on an agar slide. A clean microscope slide was dipped into molten 1% agar and allowed to air dry, and agar was removed from the underside. Two orientation markers were spotted onto a coverslip (50 by 22 mm; Merck) using a permanent marker pen, and a small volume (approximately 1 l) of well-mixed cell suspension was placed between them. The coverslip was then turned upside down and gently lowered onto the agar. The slide was viewed by phase-contrast microscopy using a 100ϫ oil immersion lens on a Nikon Microphot SA microscope. Twenty fields were counted for each preparation, and results were expressed as the percentage of each cell type.
Isolation of C. coli UA585 variants with altered motility. C. coli UA585 was inoculated into Mueller-Hinton broth (Oxoid) and incubated, with shaking, at 42°C for 72 h. Dilutions of the resulting culture were plated onto MHA or MHAD. Growth of surviving cells on MHAD revealed the presence of equal numbers of motile (large, swarming morphology) and nonmotile (pinpoint morphology) colonies. Motility of these variants was assessed as described previously (8) . Colonies of representative motile and nonmotile variants were picked, purified by restreaking, and designated C. coli SC4 and C. coli NM3, respectively.
RESULTS
Occurrence of sublethal injury in stationary-phase cells of C. jejuni. Viable counts of C. jejuni NCTC 11351 (type strain) were monitored on BMHA, MHAD, or MHAN during growth and as cells entered the stationary phase ( Fig. 1 ). Immediately after inoculation with stationary-phase cells, the number of colonies recorded on medium containing 1% NaCl was 100-fold less than that recorded on either BMHA or MHAD, demonstrating the existence of sublethally injured cells in the inoculum. After cells had emerged from a short lag phase, the counts became similar on all media, indicating that sublethal injury was absent in growing cells.
After maximum cell density had been achieved at about 20 h, viable numbers estimated on MHA remained roughly constant for about 5 h and then began to decline. However, during the interval before total viable numbers decreased, cells became sensitive first to NaCl and then to DOC, as evidenced by the decrease in counts on MHAN and MHAD, respectively. Increased sensitivity to bile salts or sodium chloride in gramnegative organisms is often taken to indicate loss of integrity or impairment of homeostatic functions associated with the outer and cytoplasmic membranes, respectively (16, 25) . This suggests that membrane damage in the stationary-phase popula- STATIONARY-PHASE STRESS SENSITIVITY OF CAMPYLOBACTERtion preceded loss of viability. After about 50 h of incubation, counts on all three media were broadly similar again, indicating that the population remaining after the initial decline in numbers was not sublethally injured.
The degree of inhibition of sublethally injured cells by selective agents depends on the severity of injury and concentration of the selective agent (25) . It appears that 1% NaCl was more inhibitory to injured cells than 0.1% DOC, because loss of resistance to NaCl preceded loss of resistance to DOC during stationary phase and because injured cells in the inoculum were sensitive to NaCl but not DOC.
Sensitivity of stationary-phase populations of C. jejuni to stress. A residual population of cells, representing about 1% of the maximum stationary-phase population, remained viable for an extended period (Fig. 1) . It was of interest to determine whether this population, of cells that had just entered stationary phase, displayed the increased resistance to stress characteristic of the stationary-phase response of other bacteria. Samples taken during exponential growth (6 h), during early stationary phase (24 h), or after 48 h (residual population) were heated at 50°C or aerated in PBS at 37°C. Resistance to heating at 50°C was greatest in exponential-phase cells and least in the residual population in late stationary phase (48 h). Cells from early stationary phase were of intermediate heat resistance (Fig. 2a) .
A similar order of resistance was seen in aerated cells (Fig.  2b) . In all cases there was a delay before viable numbers decreased, with this delay being shortest in the more sensitive late-stationary-phase cells. Viable counts of exponential-phase cells increased slightly before subsequently decreasing. Although the absolute level of resistance to heat and aeration varied somewhat between experiments, the same relative order of resistance in exponential-, early-stationary-, and late-stationary-phase cultures was confirmed in each of three independent experiments.
Heat resistance of C. jejuni cells during extended stationary phase. To obtain more detailed information about changes in resistance during the growth cycle of C. jejuni, heat resistance was monitored during extended incubation in stationary phase. Samples were removed at intervals and subjected to a standard heat challenge of 50°C for 75 min. Data from two representative experiments are presented in Fig. 3 . Heat resistance initially increased as cells from the inoculum entered exponential growth, but once the culture entered stationary phase, total viable numbers declined and there was a progressive decrease in heat resistance. After about 50 h of incubation, survival after the heat treatment had decreased to below the limits of detection (100 CFU/ml). Unexpectedly, heat resistance increased after this, and survivors were once more detected following the heat challenge to the 72-h sample. After 72 h there were further fluctuations in total viable cell numbers and heat resistance. In both experiments the reappearance of cells surviving heat treatment coincided with an increase in cell numbers which probably reflected cryptic bacterial growth in the population. The heat resistance data are expressed as percent survival to correct for changes in the total viable population. The results thus reflect changes in resistance and are not simply due to changes in the initial (preheat) numbers of cells present. Nevertheless, the failure to recover cells after a heat challenge to the 72-h cultures is undoubtedly due to low inherent heat resistance combined with low initial cell numbers in these samples.
Role of coccoid cells in the persistence of C. coli during stationary phase. The survival of C. coli strain UA585 during stationary phase was also studied. The general pattern of survival was very similar to that seen in C. jejuni; i.e., following entry into the stationary phase, there was a period of about 5 h when viable numbers remained more or less constant, followed by a decline to leave a residual population that persisted for at least a further 200 h (data not shown).
During these experiments, it was noted that cells taken from cultures 72 h old or older gave rise to two different colony morphology phenotypes, in approximately equal numbers, when plated on medium containing 0.1% DOC. Both a flat, spreading colony variant, reminiscent of the wild type, and a small, domed colony type were apparent. After isolation, the colony variants could be maintained as stable cultures. A representative of the flat, spreading colony variant, designated SC4, and one of the small, domed colony type, designated NM3, were chosen for further study.
Preliminary microscopic observation of SC4 and NM3 revealed a number of distinctive phenotypic characteristics compared to those of the wild type (UA585). First, although strain SC4 was motile, NM3 was not. Second, when cells of SC4 and NM3 were taken from aged cultures, there appeared to be fewer cocci present than were seen in cultures of UA585 of the same age. The occurrence of similar pinpoint and spreading colonies in strains of C. jejuni has previously been associated with phase variation in the expression of flagella but not with changes in the ability to form cocci (8) .
To confirm the altered ability of NM3 and SC4 to form coccoid cells, exponentially grown cells were introduced into PBS and then incubated aerobically with shaking, a condition which has previously been shown to induce the formation of cocci (20, 26, 41) . Over the period of incubation (20 h), survival of the wild-type UA585 and the two variants SC4 and NM3 was found to be similar (Fig. 4) . However, the variants gave rise to significantly fewer cocci that the wild-type C. coli UA585 (Fig.  4) . For example, at the end of the incubation period, cocci accounted for 98% of the C. coli UA585 cell population, while the populations of NM3 and SC4 contained only 6 and 7% cocci, respectively.
To determine whether the diminished rate of formation of cocci seen with NM3 and SC4 was due to a specific response to the aerobic conditions used or to a more general deficiency in the ability of cells to form cocci, cultures of UA585, NM3, and SC4 were shaken at 39°C in BBFBP under microaerobic conditions, and the ability to form cocci was assessed (Table 1) . Again, the variants SC4 and NM3 gave rise to fewer cocci. For example, after 126 h of incubation, cocci represented 97% of the UA585 cell population but only 16 and 19% the populations of SC4 and NM3, respectively. Thus, it would appear that STATIONARY-PHASE STRESS SENSITIVITY OF CAMPYLOBACTERthe relative inability of NM3 and SC4 to form cocci is caused by a general defect in the mechanism that governs coccoid cell formation.
DISCUSSION
It has been shown for several species of bacteria that entry into the stationary phase is accompanied by structural and physiological changes that result in the increased resistance of the cell to a variety of inimical conditions (21, 33, 46) . However, despite the significance of campylobacters as food-borne pathogens, we know little of the response of these organisms to aging and starvation and of their adaptation to stationary phase. This is perhaps surprising, since these conditions are especially relevant to their survival in food and the environment. In E. coli, other members of the Enterobacteriaceae, Pseudomonas aeruginosa, and Vibrio cholerae, the central regulator for many stationary-phase-induced changes is the sigma factor RpoS (11, 17, 48) , which, accordingly, is critical for the survival of the bacterial cell in stationary phase and during exposure to unfavorable conditions (14, 19, 23, 28, 45) . However, in Legionella pneumophila an rpoS gene homologue has been identified, but it appears to have a function different from that in E. coli (12) .
To study the process of aging and stationary-phase adaptation in C. jejuni, we initially assessed sublethal injury in stationary-phase and aged cultures of C. jejuni by recovering cells on media containing either 0.1% DOC or 1% NaCl. In gramnegative enteric organisms and pseudomonads, resistance to lipophilic dyes, bile salts, and many lipophilic antibiotics is due to their restricted penetration through the outer membrane combined with active efflux through multidrug transporter systems (32) . Resistance to elevated levels of salt depends on the passive barrier properties of the cytoplasmic membrane to sodium ions combined with the action of a battery of osmoregulatory transport mechanisms (2, 7, 47) . Although there is little information available specifically for campylobacters, it is likely that increased sensitivity to DOC and sodium chloride reflects perturbation of the barrier properties of outer and cytoplasmic membranes, respectively, and/or interference with active homeostatic mechanisms. Consequently, it is likely that disruption to both the inner and outer membrane structures or functions occurs upon entry into stationary phase and upon aging. The appearance of such sublethally injured cells is inconsistent with the paradigm of increased resistance of stationary-phase cells, which has been observed for many other gramnegative bacteria.
Since cells taken from the stationary phase of growth were also found to be more sensitive to mild heat stress and aeration under nongrowing conditions than exponential-phase cells, it is unlikely that these resistance mechanisms are regulated in a stationary-phase-dependent manner. Analysis of the C. jejuni NCTC 11168 genome sequence (36) indicates that RpoS is absent from this organism. While the genome sequence of strain NCTC 11351 has not yet been determined, it is very likely that RpoS is also absent from this strain, since we have been unable to isolate the rpoS gene from this strain using two alternative techniques. In hybridization-based assays a DNA probe containing a fragment of the E. coli rpoS gene (27) failed to hybridize to any homologous DNA in the genome of NCTC 11351 (S. F. Park, unpublished data). A second technique used in an attempt to isolate an rpoS gene from this Campylobacter strain was complementation of an rpoS-deficient strain of E. coli, a technique which has been used to isolate rpoS from other organisms (40) . However, when a plasmid library of strain NCTC 11351 chromosomal DNA (38) was used in an attempt to complement an rpoS mutant of E. coli, no complementing plasmids were identified. The absence of an RpoS homologue is entirely consistent with the failure of C. jejuni NCTC 11351 to induce stress resistance in the stationary phase.
The survival of campylobacters during exposure to heat stress and aeration may involve aspects of the heat shock and oxidative stress responses, respectively. While superoxide dismutase is known to be essential for the survival of campylobacters during exposure to air (39) , little is known of the mechanisms which regulate the expression of this enzyme. Again, while C. jejuni is known to elicit a heat shock response (22) , the regulatory mechanisms governing this response have not yet been studied in detail. However, there are potentially three alternative regulatory systems controlling the induction of the heat shock response in C. jejuni, the RacRS regulon (4) and orthologues of HrcA and HspR (35) . In view of the increased sensitivity of stationary-phase cells compared with exponentially grown cells, it seems unlikely that aspects of the heat shock response and oxidative stress response in C. jejuni are upregulated in a stationary-phase-dependent manner by an alternative regulator of the stationary-phase response.
The lack of a stationary-phase response in C. jejuni was demonstrated here in a single strain, NCTC 11351. Although the results are consistent with the absence of an rpoS homologue in this strain, it is possible that other strains may behave differently given the genetic plasticity of this species (36) . Recently, Cappelier et al. (6) reported an increase in heat resistance in C. jejuni strain 79 as cells entered starvation in a surface water microcosm. The reason for the difference between their results and ours may perhaps be due to strain differences or differences in methodology. In our work, the method of assessing viability after a heat challenge was colony formation, whereas the method of Cappelier et al. (6) was based on loss of metabolic activity in single cells. Alternatively, the increase in heat resistance shown by Cappelier et al. may be due to an rpoS-independent mechanism.
When the resistance of cultures of C. jejuni to heat was monitored during more prolonged periods of aging, an unusual fluctuating profile of heat resistance was observed, in which resistance decreased progressively soon after cells entered stationary phase and then increased again. In all repeats of this (44) . When cells from cultures of C. coli UA585 which had been incubated for 72 h were plated onto MHAD, equal numbers of motile (large, swarming morphology) and nonmotile (pinpoint morphology) colonies emerged. Intriguingly, strains derived from both of these colony types showed a reduced ability to form cocci compared to the wild-type strain that had been used as an inoculum for the culture. The appearance of these variant cell types, with different phenotypic characteristics, following prolonged incubation is consistent with the fact that aged stationary-phase cultures of campylobacters are dynamic populations of variant cell types. Indeed since 10 of 10 survivors tested at this stage had this phenotype, it is likely that these variants had largely replaced the original population.
The availability of variants compromised in the ability to form cocci also allowed the role of this cell type in stationaryphase survival of Campylobacter to be investigated. Although NM3 and SC4 produced significantly fewer cocci, their survival rates were similar to that of the parental strain under the conditions tested. Thus, the formation of cocci did not enhance the ability of C. coli to persist in nongrowth environments. The onset of sublethal injury as cells enter stationary phase would be consistent with the early stages of a degenerative process in a fraction of the population leading to the production of coccoid cells. This view is consistent with the findings of Hazeleger et al. (13) that transition to the coccoid stage is not an active process, implying that coccoid cells are unlikely to represent differentiated resistant forms produced in response to stress. Moreover, the maintenance of long-term viability in starved cells of C. jejuni was recently shown to be associated with vibrioid cells in the population rather than cocci, which is also consistent with the conclusions drawn here (5, 9) .
Generally, it is assumed that bacteria isolated from the stationary phase are more resistant to environmental stresses and toxic agents than cells in the exponential phase of growth and that this is a programmed adaptation mediated by alternative sigma factors, including RpoS in gram-negative bacteria. The results presented here argue that stationary-phase cultures of C. jejuni do not enter an RpoS-mediated resistant state as has been observed for a number of other gram-negative bacteria. Instead, the fluctuations in heat resistance in stationary-phase cultures of C. jejuni and the emergence of variants of C. coli with altered phenotypes that apparently replace the original population support the hypothesis that stationary-phase cultures of C. jejuni and C. coli are dynamic populations of cells and that this may be an alternative mechanism for promoting continued survival.
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